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NOZZLE BEAMS, A SOURCE OF MOLECULES
WITH INTRIGUING PROPERTIES

Steven L. Bernasek and G. A. Somorjai
Inorganic Materials Research Division, Lavwrence Berkeley Laboratory

and Department of Chemistry; University of California
Berkeley, California 94720

ABSTRACT_

The prodﬁction of a beam of molecules by expar’sion through a high ;
velocify nozzle is discusséd and compared with beams bf molecules emanating
from an effusion source. Meny of the‘interesting properties of these
nozzle producedlbeams (large average velocity, low beam temperature, narrow

E '~ energy distribution, angular distribufion pesked along the nozzle cente#-
| line, production of atom clusters in the beam) ére reviewed. These proper-
; ) ties have made the nozzle source a valuable experimental tool of the

| chemist.
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The aerodynamlc propertles of rapldly expanding hlgh pressure gases
have been of great 1mportance in the aeronautlcal sciences for some time.
Since the pioneerlng'work of Kantrow1tzﬁand Grey,l and of Kistiakowsky
and Schlichter,2 repidly expanding jets of gas have found-interesting
chemical applications. |

When a gas stream emerges from a nozzle source (to be descrioed
below) at supersonic speeds, the gas atoms may have kinetie energies of
a few electron volts (1 eV = 23 keal). The'gas atoms emerging from a
300°K effusion source have average kineticvenergies of ;'0;02 eV in
contrast. The intensities of nozzle produced beams can be orders of
magnitude gfeater than the intensity of beams produced'by an effusion
source. (Typical values are ~ J.XlO17 cm'esec“l for a nozzle sburce as

computed to ~ 5X10%3 em 2sec™t for an effusion source.3) In eddition,

-

the velocity distribution of particles leaving the nozzle source corre-

spond to beam temperatures much lower than the temperature of the source

- enclosure, as will be seen below. This cooling can even result in the

formation of atom clustersh which cannot be formed and,studied‘convenient-
ly any other way.
The construction of the nozzle source is shown in Flg. l., The noz-

zle beam is created by expandlng the gas through 8 converging nozzle

- from a high pressure (1-1000 torr) enclosure, Q%to an evacuated chamber

(<10 -3 torr). Downstream of the nozzle opening, a skimmer iS'placed
whose purpose is to collimate the emerging beam without allowing back-
scattering into the source erea.

By contrast, the effusion source, that is shown in Fig. 2, is used

customarily to create a beam of gas particles by the random effusion of
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tﬁe gas thfough an opening betveen an effusion oven at‘réiatiyely low
pressure (< 10 torr) and.a chamber aﬁ vacuum, 'Thé effugibn beam is
collimated by one or more orifices downstream of the source opening.

It is customary to define Kno, the Knudsen number,Afo estimate ﬁhé
-number of collisions of gas atoms emerging.from the source opening. It

is given by

Kn =
o

t‘.|>‘

=1

where A = the mean free path (average velocity divided by collison

Z °

| rate), and w is the source opening diameter.

“ For a nozzle with the dimensions of Fig.-l, operating at a pressure
of 100 torr with.argon at 300°K, the Knudsen number is calculated to be

| 1.14x1073, |

Kn =">:"= 1

oW V2 © Na%w

' 23
where N = atoms/cm3 =(6.02X1023) n= 6'02X;g 4

(from the ideal gas law), and d is the atomic diameter = 2.86A for argon.s

The average velocity u is given by

_ {8RT)_ L
= (75[)- 3.98*10 cm/sec

=3}

where M is the molecular weight of the gas, for argon at 300°K. Therefore,

the number of collieions in the nozzle of Fig. 1 is

N
n

u/A = ﬁ/Kndw

3‘.98><101‘c:m_sec-l

(1.14%1073)(7.5%10"%cm)

1&.65X108 sec"1

N
i



then 4.65x10° sec Y,

.Thié high éollision rér;e iﬁ the 'emergi.hg,noézle Beam ‘shoul..d _be‘con-
trasted with the collision rate in the 6pening of“the effusion soﬁrcé:of
Fig. 2. For effusive flow, the mean free path of the efquing atoms must
be greater than or equal to the dimensions of the opening. This means that
the Knudsen number for an effusion source could be unity at thelleast. For
the effusion source of Fig. 2, operating at lxlo—l torr with argon at 300°K,

the Knudsen number is 1.14. The collision rate for this effusion source ig
1 .

The ideal Operatihg condition for the effusive source is low pressure

(i.e., the mean free path of the particles is > the orifice size,

T~ 10_1 torr in this case). The nozzle source is operated at higher pres-

sures (> 1071 torr).

The advantage in beam intensity gained by using highér source pres-
sured is obvious. It is interesting to compare the equations governing

the ilntensity of particles emerging from the effusion source and the

nozzle source.3

I - uw

eff '
16/2 1a2e?

where £ is the distance from the opening.

-4 -f Y 3 1
Tnozzle = ™1 nl“(amz*’-z) 2
i
wvhere ri is the skimmer diameter, n, is the particle density in the source,
u' is the velocity of the particles along the nozzle centerline, y is
the ratio of specific heats (CP/CV) for the gas, and M is the Mach number.

The Mach number is related to the Knudsen nunber for a particular gas by
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the relationship6

M=AZKXa ®
[o]

-

where A and B are positiue constants. For a particuler noszle geomefry and
source gas,lri and y are constants. ihe,Mach’number,'number density and

u' all depend on the source pressure. The intensity behav1or as a function
‘of pressure is shown in Fig. 3 for the nozzle source and the effusion
source. As the flgure shows, the intens ity from the effusion source is
independent of pressure in the source beyond the pressure P'. This is the
pressure corresponding tora'Knudsen number of 1.0 for the geometry of

Fig. 2. In the nozzle source case, however, the intensity increases with
pressure because of the increase in Mach number, number density and. akial
average velocity. _

‘Iﬁ'is also interesting to compare the angular distribution of the
particles emerging from the two types of molecular beam sources, as shown
in Fig. 4. The curves show intensity contours as a function of angle from
the beam centerline. The effusion source shows the.cosine distribution _
of particles randomly emerging from the opening, while the nozzle source
shows a distribution peaked along the centerline because of jet motion
along the nozzle axis. |

The expansion of the gas through the nozzle source cen.be viewed as
an adiasbatic and reversible expansion. It is instructive to review the
thermodynamics of this type of expansion in order to combute ahd_compare

'the kinetic energies of the beams produced by the nozzle and effusive
'sources.

From the First Law of Thermodynamics, we have

&)



dE = do-dw | | (1)
where'dE is the differential change in internai éﬁérgy.of the system,
dq is the differential heat change, and dw is the'differential work. For
en adiabatic, reversible expansion,vdq = O‘and Eq. (1) can be written
| -dE=¢1w=Pdv' _ : (2)
where.P ié pressure and 4V is differential volume change, since only

expansion work takes place. Since E = E(T,V), dE can be written

oE B\
dE = [ =—=]) av+{==} ar (3)
() (), =
3E

For an ideal gas 5y = 0, so dE becomes
T

| ‘ _[E) _ _ |
e dE = (3T)v = C 4T = -Pav | (L)

where CV is the heat capacity at constant volume. Using the ideal gas

law for one mole of gas (PV=RT),

_ RTav
Gt = - =%
or
c
V ... - Rav

Integrate this expression from T, > T end Vo + V to obtain

T v _ -
Cvll.nT —-Rll.nV (6)

or



This can also be written as

T \7 . S : (1) =
o :
Té and Vo are the temperature end volume of the gas before expansion, - 'ﬁi

i.e., in the nozzle source. V is the volume to which thévgas is expanded

and T is‘tﬁe température of the expéndéd gas, i.e., the beam temperature.*

By expanding from a small volume to a large volume (high pressure to low

pressure), the temperature of the beam can be muck lower fhan the tempera- %
ture of the source.

For the effusion source, the temperature ofAthe beam is the same as
the temperéture of the source'since only random effusion takes place.

The effect of the cooling on expansion is shown in Fig; 5 which compares
the velocity distributions for beams at 300°K (effusion éource) ana 50°K
(nozile source ).

Because of the.cooling upon expénsion and the axial velocity compon-
ent of ﬁhe beam produéed b& a nozzl¢ source, the eﬁergy of the nozzle
beam is greater than the energy of the effusive béam. This can be showm
as follows:

Eeff = 3/2 RTO =E (8)

For a nozzle source (after expansion)

- - 2 ;

_ mu' ’ :

Enozzle = Ethermal +_ 2 o (9) ‘

. ) ) 2

ma+? - '

where ——5—- is the average kinetic energy added due to the net motion of" !

the particles of mass m and average velocity u' along the axis of the
nozzle. This term is not present for the effusion source because the

flow from the effusion opening is random. By the First Law,

*Beam temperature refers to a temperature characteristic of the velocity
distribution of the beam molecules. '
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& mu' " _ ' :
Eihermer ¥ T2 =q - (v+w) , (10)

vhere w is PV work and w* is all other work (elecfrical, chemical),

However, q = 0 since the expansion is adiabatic and w' = 0 because oniy
expansion work takes place. The initial energy state 6f fhe nozzle system
(before expansion) is the same as for the effusive source. The final

state (after expansion) is given by Eq. (9).

AB = By a1 Binitial

= Bihermal,final ~ “thermal,initial ¥ 2

Using Eq. (10) this becomes

- mﬁoa .
| AR ermar * 2 tA(RV) =0 | (n)-
vhere AR, o a1 = Ethermal,final Tthermal,initial 2°¢ V bas been replaced
by A(PV). AR = BE,, coma1 * A(PV), so
= mﬁ;a
M+ 5— =0 (12)

AR = ﬁ-ﬁo, vhere fl is the enthalpy of the expanded gas and ﬁo is the
enthalpy of the gas in the source, and AH = CPAT. Therefore, Eq. (12}

-

becomes

CPAT+ 5 =0 | (13)

Since AT = T-Té, Eq. (13) can be written

_'2 :
CP(TO-T) = m; (1%)
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C_ is defined as (ﬂ) vhich can be approximated bjr c_ ;8 in the limit
P T /p p AT ,™
of AT + 0, which for an expansion to large volumes (low T) is approximately

171(:‘/'.130.7 Equation (14) becomes

mﬁ'a I-{no |
2 =z (T,
o
Rearranging
1 ﬁo ﬁo ‘
m . = T — (15)
2. : ﬂ l'TT_T : S ‘ o
T T o
o
Finally, combining Egqs. (15) and (14),
Ho :
T -T '
o)

| -1
- =1 T
B ozzle - Cp(To-T) _ Ho(l * Tn-T)
= 3 -3
Eoven 2 RTo 2 RTo
——1
T )
c.T 1+
_ po TO-T
3 -
> RTO . :
- -1 . o )
E c T
nozzle _ 2 _p 1+ (27)
= 3 R T -T
E : L0 g
oven



As was shown in the discussion of the adiabatic reversible expansion,

o for the nozzlé source T is much lesé than To becaﬁse of the large volume
. increase upon expansion. Therefore the term in brackets 'approa.ches one,

and Eq. (17) becomes

Enozzle ~ 2 ?p_
= - 3 R
Fers '

C c /c S :
Y ;
—RB can be written _1%76‘% = 1 in tems of the specific ‘heat, ratio

Y. Thus the energy ratio can be expressed as

E .
nozzle ., 2 _y ] C

—_—E 3 . (18}
eff

R

For a source temperature of 2000°K,

-

E,pp = 3/2(1.99 cal/mole deg)(2X10° deg)

= 6.0X10° cal/mole,

while Enozzle(moz}atomic gas, y= %) = % (5%)(&103) = 1.&&0". cal/mole

A temperature of 2000°K is an .upper limit for successful
operation of a beam source because of materials;limite.tions. For an
effusion source to produce particles with an energy of 1u kcal/mole, it
° would have to be operated at a temperature of 4800°K, much higher than most
present-day construction ma.teria.ls could withstand.
The adiabatic cooling of the gas upon expansion has another interest-
ing consequence. Due to the narrow velocity disf.ribution of the beam

particles, the relative velocities of particles in the beam are very
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similar. (See}Fig.A6,) Therefore,‘on:collisioﬁs'between particles in.
the beam there is littlektrensfer-offkineﬁic‘energyr iﬁ facf,.since”'
AR, 1ision << AE. pdensation clustering of atoms held together by weak
- Van der Waels forces can take placer, Due.to_the high.collision rates in
the.eﬁerging beam, three body colllsions can readily'occur to carry avay
:the heat,ochondensation. or courSe, cluster formation is:more prevalent
if stronger forces of attraction (electrostatic) are presenﬁ. The"_
presence of large argon atom clusters was reported'by Green and Milne,b
and the generation of hlgh intensity beaﬁs of dimers of alkeli atoms (Naa)
in nozzle beams was reported by Gordon, Lee,and-Herschba.ch.8 |
" As was shown sbove,. a nozzle source.opereting at 2000°K could produce

particles w1th energles of lh kcal/mole. Higher energy. atoms'can.be
_ produced with a nozzle beanm by u51ng a technique called 'seeding.“ This
involves using a mixture of & large mole fraction light gas with & small
-mole fractlon heavy gas. For example the "seeded" beam could be a mix-
Vture of 99 mole percent: hydrogen w1th 1 mole percent carbon monoxide. At
a given temperature, all of the particles will have a velocity dlstribution
appropriate to a beam of molecules with the average mass. bThe.heevy .-‘
particles are speeded up and the light particles slowed doﬁn by zhe large
number of collisions taking place in the emerging beam. The'beam appears
to have properties as if it;vere made up of pseudo—particles, all of -

whose masses are the arithmetic average of the actual molecular welghts

of the beam particles.

In the example above, this average mass would be

[99(2) + (1)(28)]
100

= 2,26 grams/mole
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For a 2000°K nozzle source using this mixture of dlatomic gases the
particles will have lh ‘kcal/mole average energy. The average velocity of
‘the particles can be found by eqnating the nozzle average energy with the

kinetic energy of the particle.

5 =1L & - PP | L .
Enozzle =3 Ethe 1 = 14 kcal/mole =3 . (19)

vhere the factor 7/3 is from the ratio ("I-)(-Q of Eq. (18) The average
velocity is given'by

= . [28 kcal/mule] /2

m

1 nl0 n 1/2 _ - :
o | 24.9X10"" ergs/mole|™ < _ 5
[ 2.26 g/mole 4.68x10" cm/sec

The pseudo particles of mass 2.26 will be traveling with an average velocity

of 10.68X106

cm/sec. Since all of the molecules are traveling with this
avaerage velocity, the CO molecules are traveling at a velocity corresponding
to a much higher kinetic energy than otherwise possibie. This energy can

be calculated by using Eq. (19) again, this time. substituting the CO molec-

ular weight.

T 3 a | |
3 (5 BT) = méx. - ' (20)

Solving Eq. (20) for T gives

-2
mu'
To = TR
So ,

(2.8x10% L.68X10° cm/sec)?
T . g/mole)(k.68%X10° cm/sec)
° 7(8.3110(107 ergs/mole®K)

LIPS

T = 1.06X10
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In other words, to pfoduce a pure beam of CO mo;ecuies with energies
of those in the "éeeded"fﬁeam; fhé'sbu?ce temperature would have to be
greater ‘than 10,000°K. This SOﬁréeiéémperatﬁré‘(i;e; thié velocity for
-CO moleculéé)QCOrrespénds5to3an eﬁergj of T0 kcai/mbié;wﬁiéhﬁié in the
. rangé of chemical binding energies.j‘_ o
| Of course this "seeding" technique'createsAproblems of selectivity
and detectién because of the large dmount_ofllight gas present in the
beam, * If a system can be chosen whéré the light gas is ignored by the
detector and can be pumped away efficiently,'fhe "seeding" technique: has.

obvious advantages for the'éréation of high velocity molecular beams.

&
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Fig; 1.

Fig. 2.

Fig. 3.

Fig. 4.
Fig. 5.

Fig. 6.
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FIGURE CAPTIONS .

Typical nozzle source geometry.'

Typical.effusion source.

. Comparison of Intensity vs. Pressure Behavior for nozzle and

effusion sources (after reference 8).

Contours of constant intensity fbr~n6zzle and effusion sources.

Maxwellian velocity distribution for T = 50°K and 300°K.

Narrow distribution of nozzle produced beam at velocity

" corresponding to 14 kcal beam energy.
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